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Description 

DUAL ENGINE ELECTRIC DRIVE SYSTEM 

Technical Field 

[01] The present invention is directed to an electric drive system and, 

more particularly, to a dual engine electric drive system. 

Background 

[02] Fuel efficiency and emission generation characteristics are 

important concerns in the design and operation of an internal combustion engine. 
An internal combustion engine may be used in a vehicle, such as, for example, an 
on or off highway truck, a work machine, or an automobile. In addition, an 
internal combustion engine may be used in a stationary system, such as, for 
example, a power generator. 

[03] An internal combustion engine of a vehicle may be operated to 

generate the power required to both propel the vehicle and to operate any 
auxiliary systems associated with the vehicle. The vehicle may include a 
transmission that connects the internal combustion engine with a ground 
engaging device, such as, for example, a set of wheels or tracks. In addition, the 
vehicle may include a "power take off unit that is connected to the internal 
combustion engine and that directs power from the internal combustion engine to 
operate any auxiliary devices associated with the vehicle. 

[04] An internal combustion engine may be tuned to achieve optimal 

fuel efficiency under certain operating conditions, such as when operating at a 
certain engine speed and load. Typically, an engine is designed and tuned to 
achieve optimal fuel efficiency when the vehicle is operating in steady-state 
conditions such as, for example, at an expected cruising speed. When the vehicle 
is operated outside of these steady-state conditions, such as, for example, when 



the vehicle is accelerating, decelerating, or idling, the vehicle may experience 
increased losses that result in a reduction in the fuel efficiency of the engine. 

A vehicle may use an alternative power source to compensate for 
these types of efficiency losses. As shown in U.S. Patent No. 5,350,031 to 
Sugiyama, a vehicle may include an electric drive that is disposed between the 
engine and the ground engaging devices. The electric drive may include a 
generator, an electric motor, and a storage device, such as a battery. Operation of 
the engine may drive the generator, which provides power to the electric motor to 
thereby drive the ground engaging devices. Excess power that is generated, but is 
not used to drive ground engaging devices or power any auxiliary systems, may 
be directed to the storage device. 

The internal combustion engine and generator may generate 
excess power under several different operating conditions, such as, for example, 
when the vehicle is decelerating or idling. During these circumstances, the 
excess power may be saved in the storage device for later use. The stored power 
may be used, for example, when the vehicle requires an increased amount of 
power, such as when the vehicle is accelerating. In this manner, the energy 
storing capabilities of the electric drive may be used to reduce the magnitude of 
the loses associated with both vehicle deceleration and acceleration. 

However, in this type of electric drive system, the internal 
combustion engine may be operated outside of its optimal operating conditions. 
For example, when the vehicle is accelerating, the engine speed and load be 
increased above the optimal operating conditions of the engine. In addition, 
when the vehicle is idling, the engine speed and load may be below the optimal 
operating conditions of the engine. Accordingly, an internal combustion engine 
used with this type of electric drive system may still experience the reduction in 
fuel efficiency associated with operating the engine outside of the optimal 
operating conditions. 



The disclosed electric drive system solves one or more of the 
problems set forth above. 

Summary of the Invention 

In one aspect, the present invention is directed to an electric drive 
system that includes a first engine and a second engine. A first electric generator 
is adapted to be driven by the first engine and to generate a first output. A second 
electric generator is adapted to be driven by the second engine and to generate a 
second output. An energy storage device is adapted to receive the first output 
from the first electric generator and the second output from the second electric 
generator. An electric motor is operatively connected to the energy storage 
device. The electric motor is operable to generate mechanical power. 

In another aspect, the present invention is directed to a method of 
operating an electric drive system. A voltage is applied from an electrical storage 
device to an electric motor. A first engine is operated to drive a first generator to 
supply electrical power to the electrical storage device under a first set of 
operating conditions. A second engine is operated to drive a second generator to 
supply electrical power to the electrical storage device under a second set of 
operating conditions. 

Brief Description of the Drawings 

Fig. 1 is a schematic and diagrammatic representation of a vehicle 
having an electric drive system in accordance with an exemplary embodiment of 
the present invention; 

Fig. 2 is a graph illustrating an exemplary relationship between 
specific fuel consumption, engine torque, and engine speed; and 

Fig. 3 is a graph illustrating an exemplary vehicle operational 
sequence for an electric drive in accordance with the present invention. 



Detailed Description 

Fig. 1 illustrates an exemplary embodiment of a vehicle 20 that 
includes an electric drive 30. Vehicle 20 may be, for example, an on or off 
highway truck, a work machine, an automobile, or another such vehicle. It 
should be noted, however, that the concepts disclosed herein may be applied to a 
stationary drive system, such as, for example, an electrical power generator. 

Vehicle 20 may include a series of ground engaging devices 22. 
For the purposes of the present disclosure, vehicle 20 will be described as an on 
highway truck where ground engaging devices 22 are wheels. One skilled in the 
art will recognize that ground engaging devices 22 may be any type of ground 
engaging device commonly used on another type of vehicle 20, such as, for 
example, tracks or belts. 

Vehicle 20 may include a first engine 32 and a second engine 34. 
First and second engines 32 and 34 may be internal combustion engines, such as, 
for example, diesel engines. Alternatively, first and second engines 32 and 34 
may be gasoline engines, natural gas engines, or any other type of internal 
combustion engine readily apparent to one skilled in the art. 

First and second engines 32 and 34 may be equipped with standard 
supplemental systems, such as, for example, a cam-driven fuel injection system 
and a cam driven valve actuation system. First and second engines 32 and 34 
may also include additional performance enhancing systems, such as, for 
example, hydro-electric variable valve actuation system, hydro-electric fuel 
injection systems, engine gas recirculation systems, turbochargers, superchargers, 
or any other performance enhancing system readily apparent to one skilled in the 
art. 

As one skilled in the art will recognize, the specific fuel 
consumption of an internal combustion engine, such as engines 32 and 34, may 
vary as a function of engine torque and engine speed. Fig. 2 illustrates a graph 60 
that plots an exemplary relationship between the specific fuel consumption of an 



engine as a function of engine load (torque) and engine speed. A series of lines 
62 indicate the particular specific fuel consumption for various engine speeds and 
torques. 

An internal combustion engine may have preferred operating 
characteristics, for example where the specific fuel consumption is the lowest, 
over a certain range of engine speeds and engine torque. For the exemplary 
graph 60 of Fig. 2, an area 64 represents a preferred range of engine speeds and 
engine torques where the operating characteristics of the engine are optimized. 
Area 64 represents the engine speeds and loads at which the specific fuel 
consumption for an exemplary engine is minimized. When the engine is operated 
in the engine speed and load ranges indicated by area 64 of peak performance, the 
fuel efficiency of the engine is, therefore, optimized. When the engine load or 
speed is changed so that the engine is operating outside of area 64 of peak 
performance, the specific fuel consumption of the engine will increase and the 
fuel efficiency of the engine will decrease. 

One skilled in the art will recognize that the range of engine 
speeds and loads corresponding to area 64 of peak performance and where the 
engine exhibits the preferred operating characteristics may be adjusted by 
"tuning" the operation of the engine. For example, the valve actuation system 
may be adjusted to change the timing of the intake and/or exhaust valve 
actuation. In addition, the fuel injection system may be adjusted to vary the 
timing at which fuel is injected into each combustion chamber. Other such 
adjustments, such as adding or adjusting the operation of a turbocharger or 
supercharger may also impact the engine speeds and torques at which the engine 
experiences the lowest specific fuel consumption. 

With reference to Fig. 1, first and second engines 32 and 34 of 
vehicle 20 may be manufactured to be substantially equivalent. For example, 
first and second engines 32 and 34 may have a substantially similar torque output 
capacity, such as when the basic components of first and second engines 32 and 



34 are made according to the same design specifications. This substantial 
equivalency may be accomplished, for example, where each of first and second 
engines 32 and 34 have substantially similar engine block and cylinder sizes. In 
addition, each of first and second engines 32 and 34 may have substantially 
similar piston and cylinder sizes such that each engine has a substantially similar 
volumetric displacement. 

Each of first and second engines 32 and 34 may be tuned so that 
the area of peak performance 64, where the engine exhibits preferred operating 
characteristics, corresponds to different engine torque and/or engine speed. In 
one embodiment, first engine 32 is tuned such that area 64 of peak performance 
corresponds to greater engine torques and/or speeds than the area 64 of peak 
performance for second engine 34. Any of the various tuning approaches 
discussed previously may be used to vary the relative location of area 64 of peak 
performance between first and second engines 32 and 34. 

As shown in Fig. 1, electric drive system 30 may include a first 
generator 36 and a second generator 38. Each of first and second generators 36 
and 38 may be operated to generate an electrical output. First generator 36 may 
be connected to first engine 32 such that operation of first engine 32 causes first 
generator 36 to generate a first electrical output. Second generator 38 may be 
connected to second engine 34 such that operation of second engine 34 causes 
second generator 38 to generate a second electrical output. 

As one skilled in the art will recognize, first and second generators 
36 and 38 may also be "tuned" for peak performance in response to a certain 
input torque and speed. This may allow each generator to generate electrical 
power with a minimal amount of losses. For example, first generator 36 may be 
tuned to generate a first voltage magnitude in response to a relatively high input 
torque and speed and second generator 38 may be tuned to generate a second 
voltage magnitude in response to a relatively low input torque and speed. 



First and second generators 36 and 38 may be tuned to achieve 
preferred operating characteristics with first and second engines 32 and 34. In 
one embodiment, first generator 36 may be matched with first engine 32 such that 
the peak performance of first generator 36 coincides with the engine speeds and 
torques of area 64 of peak performance of first engine 32. Similarly, second 
generator 38 may be matched with second engine 34 such that the peak 
performance of second generator 38 coincides with the engine speeds and torques 
of area 64 of peak performance of second engine 34. In this manner, first and 
second generators 36 and 38 may be matched with first and second engines 32 
and 34 to reduce the losses associated with converting the mechanical power 
generated by each engine into electrical power. 

First engine 32 and first generator 36 may be tuned to generate a 
first magnitude of electrical power sufficient to meet a first set of vehicle 
operating conditions. Second engine 34 and second generator 38 may be tuned to 
generate a second magnitude of electrical power sufficient to meet a second set of 
vehicle operating conditions. For example, the first magnitude of electrical 
power may be sufficient to power vehicle 20 when vehicle 20 is operating under 
a steady-state, or "cruising," condition. The second magnitude of electrical 
power may be sufficient to power the auxiliary systems of vehicle 20 when 
vehicle 20 is idling. 

Electric drive system 30 may also include a storage device 40. 
Storage device 40 may include one or more batteries, capacitors, or other type of 
device adapted to store electrical energy. Storage device 40 may be connected to 
both first and second generators 36 and 38 to receive and store the electrical 
energy generated by the operation of first engine 32 and first generator 36 and/or 
second engine 34 and second generator 38. 

Electric drive system 30 may also include an electric motor 42 
connected to storage device 40. Electric motor 42 may be any type of electric 
motor, such as, for example an induction motor or an alternating current motor. 



Storage device 40 may apply a voltage to electric motor 42 to induce a rotation of 
a rotor associated with electric motor 42. The magnitude of the voltage applied 
to electric motor 42 may be varied to thereby vary the rotational rate of the rotor. 

Electric motor 42 may be connected to the rear ground engaging 
device 22. However, one skilled in the art will recognize that electric motor 42 
may be connected to the front ground engaging devices. In addition, electric dive 
system 30 may include a second electric motor (not shown) that is engaged with 
the other of the first and second ground engaging devices 22. 

Electric motor 42 may be connected to ground engaging devices 
22 through a differential 26 and an axle 24. In response to the application of a 
voltage from storage device 40, electric motor 42 may operate to rotate a shaft 
connected with differential 26. Differential 26 translates the rotation of the shaft 
into a corresponding rotation of axle 24 to thereby drive ground engaging devices 
22 and propel vehicle 20. 

Vehicle 20 may also include a heat exchanger 46. Heat exchanger 
46 may be any type of heat exchanger commonly used in a vehicle. A fan 48 
may be connected to one or both of first and second engines 32 or 34 to drive the 
fan 48. This may move air through heat exchanger 46 to thereby cool operating 
fluids associated with first and second engines 32 and 34. 

Heat exchanger 46 may be adapted to service both first and second 
engines 32 and 34. A first set of auxiliary devices 50, such as pumps and/or 
filters, may be disposed between heat exchanger 46 and first engine 32. A 
second set of auxiliary devices 52, such as pumps and/or filters, may be disposed 
between heat exchanger 46 and second engine 34. 

A first power unit 54 and a second power unit 56 may be 
operatively engaged with storage device 40. First power unit 54 may be adapted 
to supply power to auxiliary systems and devices that require large amounts of 
electrical power, such as, for example, air conditioning systems, hydraulic 
systems, lighting systems, etc. Second power unit 56 may be adapted to supply 



power to auxiliary systems and devices that require small amounts of electrical 
power, such as, for example, first and second sets of auxiliary devices 50 and 52. 

Vehicle 20 may also include a controller 44. Controller 44 may 
include a microprocessor and a memory. As is known to those skilled in the art, 
the memory may be connected to the microprocessor and may store an instruction 
set and variables. Associated with the microprocessor and part of controller 44 
are various other known circuits (not shown) such as, for example, power supply 
circuitry, signal conditioning circuitry, and solenoid driver circuitry, among 
others. 

Controller 44 may be programmed to control various aspects of 
the operation of vehicle 20. For example, controller 44 may be programmed to 
control the operation of first engine 32, the operation of second engine 34, and 
the magnitude of voltage applied by storage device 40 to electric motor 42. The 
operation of first and second engines 32 and 34 may be controlled, for example, 
by selectively starting and stopping each of first and second engines 32 and 34 
and by adjusting the amount of fuel supplied to each of first and second engines 
32 and 34. One skilled in the art will recognize that controller 44 may govern 
other aspects of the operation of vehicle and may control other facets of the 
operation of each of first and second engine 32 and 34. 

Controller 44 may also be adapted to receive information 
regarding the operation of vehicle 20 from one or more sensors. To this end, a 
series of sensors (not shown) may be operatively engaged with various parts of 
vehicle 20. For example, the series of sensors may be adapted to provide 
information related to the requested acceleration or deceleration from an operator, 
the charge level of storage device, the speed of vehicle 20, and/or the operating 
parameters of first and second engines 32 and 34. One skilled in the art will 
recognize that sensors may be adapted to provide information related to other 
aspects of the operation of vehicle 20. 
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Controller 44 may control operation of first and second engines 32 
and 34 to generate an appropriate amount of electrical power to meet the current 
operating needs of vehicle 20. For the purposes of describing the operation of 
electric drive system 30 under different operational demands, an exemplary 
vehicle operational sequence is illustrated in a graph 70 of Fig. 3. Graph 70 
illustrates an exemplary engine capacity, or engine speed and load, at which each 
of first and second engines 32 and 34 are operated in response to the different 
operational demands of vehicle 20. Line 72 of graph 70 indicates the operating 
capacity, i.e. engine speed and load, of first engine 32 and line 74 of graph 70 
indicates the operating capacity, i.e. engine speed and load, of second engine 34. 

In the exemplary operational sequence of Fig. 3, the operator starts 
the vehicle at time to and allows the vehicle to idle until time t\ . At time ti, the 
operator accelerates vehicle 20 to a cruising speed. The cruising speed is 
achieved at t 2 , and maintained until time t3. At time t3, the operator decelerates 
the vehicle to a stop, which is achieved at time tj. The operator then allows the 
vehicle to idle until time ts, when the vehicle is shut down. 

In this exemplary embodiment, first engine 32 is tuned such that 
area 64 of peak performance coincides with an engine capacity of approximately 
75%. Second engine 34 is tuned such that area 64 of peak performance coincides 
with an engine capacity of approximately 25%. As described in greater detail 
below, controller 44 selectively operates first and second engines 32 and 34 to 
meet the power requirements of vehicle 20 while maintaining optimum fuel 
efficiency. 

When the operator instructs controller 44 to start vehicle 20 at 
time to, controller 44 starts second engine 34 and controls the associated fuel 
injection system to operate second engine 34 at approximately 25% capacity. 
Controller 44 does not start first engine 32. Second engine 34 drives second 
generator 38 to generate the power required to operate any necessary auxiliary or 
supplemental systems on vehicle 20. Thus, second engine 34 is operated in its 



area 64 of peak efficiency. Any excess power may be stored in storage device 
40. In this manner, the specific fuel consumption of vehicle 20 is minimized 
when vehicle 20 is idling. 

At time ti, the operator may request an acceleration of vehicle 20. 
In response, controller 44 may start first engine 32 and increase the amount of 
fuel supplied to first and second engines 32 and 34. The operation of first and 
second engines 32 and 34 generates the power required to drive electric motor 42 
and accelerate vehicle 20. Any excess electrical power may be stored in storage 
device 40. 

The operating capacity of first and second engines 32 and 34 may 
depend upon the specific acceleration demands of the operator and the energy 
storage levels of energy storage device 40. For example, if the operator demands 
full acceleration, the engine capacity of each of first and second engines 32 and 
34 may be increased to 100% (as shown in Fig. 3). If, however, the operator 
demands a reduced acceleration or storage device 40 has a suitable reserve of 
electrical energy, the capacity of one or both engines 32 and 34 may be reduced 
so that at least one of first and second engines 32 and 34 are operated in the area 
64 of peak efficiency. For example, controller 44 may operate first engine at 
75% capacity and operate second engine at 25% capacity. In this manner, the 
fuel efficiency of first and second engines 32 and 34 may be maximized during 
acceleration. 

At time t2, the operator may stop the acceleration of vehicle 20 and 
allow the vehicle to maintain a cruising speed. In response, controller 44 may 
adjust the operation of first and second engines 32 and 34 to meet the power 
requirements of vehicle 20. For example, as shown in Fig. 3, controller 44 may 
shut down second engine 34 and adjust the operating capacity of first engine 32 
to be 75%. This operational capacity of first engine 32 may generate enough 
power to meet the operational needs of vehicle 20. 
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Controller 44 may, however, monitor the energy storage reserves 
of storage device 40. A decrease in the energy storage reserve levels of storage 
device 40 may indicate that the operation of first engine 32 at 75% capacity is 
insufficient to meet the power requirements of vehicle 20. If the energy storage 
reserves in storage device 40 fall below a certain level, controller 44 may start 
and operate second engine 34 at 25% capacity to meet the additional power 
requirements. Any excess power generated by second engine 34 may be stored in 
storage device 40. Second engine 34 may be operated until the energy reserves in 
storage device 40 increase to a certain level. In this manner, controller 44 may 
ensure that adequate power is generated to meet the operational needs of vehicle 
20. 

At time t3, the operator may instruct vehicle 20 to decelerate. 
Controller 44 may again adjust the operation of first and second engines 32 and 
34 to meet the power requirements of vehicle 20. Controller 44 may decrease the 
capacity of first engine 32 to zero and shut down first engine 32. Controller 44 
may also adjust second engine 34 to operate at approximately 25% capacity. As 
the power requirements of vehicle 20 will be decreased when vehicle 20 is 
decelerating, second engine 34 operating at 25% capacity may provide enough 
power to meet the requirements of vehicle 20. Any additional power generated 
by second engine 34 in excess of the power requirements may be stored in 
storage device 40. If the operational needs of vehicle 20 are in excess of the 
output of second engine 34, controller 44 may direct additional energy from 
storage device 40. If necessary, controller 44 may also increase the operating 
capacity of second engine 34 or start first engine 32 to generate additional power 
to meet the additional power requirements of vehicle 20. 

At time U, vehicle 20 may come to a stop and return to idle 
conditions. Controller 44 may continue to operate second engine at 25% capacity 
to meet the power requirements of any auxiliary systems that may be operating 
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on vehicle 20. Any additional power generated by second engine 34 may be 
stored in storage device 40. 

At time t$, the operator may shut down vehicle 20. Controller 44 
may then shut down first and second engines 32 and 34. Storage device 40 may 
contain a sufficient reserve of energy to ensure that first and second engines 32 
and 34 may be started when so desired. 

Industrial Applicability 

The above described electric drive system may be incorporated 
into any type of vehicle to improve the overall efficiency of the vehicle. The 
electric drive system includes two, substantially similar internal combustion 
engines. Each of the two engines are tuned to operate with minimal specific fuel 
consumption at different operating capacities, or different engine speeds and 
loads. A controller may separately control the operating capacity of each engine 
to meet the current power requirements. Any excess power generated by the two 
engines may be stored in a storage device for later use. As each engine may be 
operated in a peak area of performance and excess power may be conserved, the 
specific fuel consumption of the vehicle may be decreased to thereby improve the 
overall efficiency of the vehicle. 

It will be apparent to those skilled in the art that various 
modifications and variations can be made in the described electric drive system 
without departing from the scope of the disclosure. Other embodiments of the 
system will be apparent to those skilled in the art from consideration of the 
specification and practice of the system disclosed herein. It is intended that the 
specification and examples be considered as exemplary only, with a true scope 
being indicated by the following claims and their equivalents. 



